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Reference: XR 413/9

1. SUARY

1.1. The wartime work on cordite is described. A general discussion
leads to conclusions as to the measurements which are required to enable
the mechanical behaviour of' star-centred arid other charges to be
predicted. The effect of size of charge is considered. Proposals are
made for further study of the physical properties of colloidal propellants.

1.2. Further Work.

A similar note is being preparcd for plastic and highly-elastic
propellants.

2. THE 3-iCH U.P. W01 DU11JTG WORLD 77AR II.

During the war a considerable amnount of work was done to correlate
failures of rocsts at their uppor temperature limits with the mechanical
properties of the propolla at. This work was at first concentrated on the
3-inch U.P. 4 with a tubular cordite charge. Hartreo (1) examined the general
mathematical problems involved and his work was followed up at.P.D.E. (2)
and extra-murally (6). Latcr, C.S.A.R. and C.S.,P.D.E. collaborated in more
detailed work (4), some of it rclating to different charge shapes.

Taking the 3-inch tubular cordite rocket -_ an example, the peak gas
pressure at the head of the chrge wa;. 1685 .s.i., and at the vonturi end
it was only 1550 p.s.i.(1$). Thb cross-section of the cordite was 5.28 square
inches,reduced to 5.13 square inches at the time of peak pressure (0.025 so,.),
and the surface area of the supporting &rid was 1.C8, square inches. The
increase in grid pressure due to accelerat'ion of the charge' by the grid on
projection was 920 lb. wt.. Hlncu, ignoring friction and considering on-ly
forces parallel to the axis, there was an, excess hydrostatic pressrLe at the
head end of 355 p.s.i., compaiPed with the grid end. The general hydrostatic
pressure at the grid end presumably cause's only a negligible bulk strain,
without any change in shape, but this excess pressure is equivalent to a
direct compressive stss, and is balanced by a force exerted on the base of
the cordite charge by the gr-id.

The total longitudinal compressive stress on the cordite at the venturi
end is therefore 179 p.o.i., due to set-back, plus 355 pps.i., due to gas
pressure. Very near the grid, this stroos becomes non-ulifom over the
cordite cross-section, boi.n concentrated to the actual area of contact
between grid and cordite; the stress over this grid area is 5.i/i. times
the average stress, totallinr 1520 p.r.i.

Two main types of mechanical failure of the propellant can therefore
occur. Firstly, the whole charge is -oidre ,_-d elastically, causing it to
barrel but near the grid aiii rostridt the gas conduit. This was the
predominant effect for the tubular I-inch, rocket charge, and a satisfactory
correlation was worked out bctYeen Young'o modulus at the upper temperature
limit, the stresses involved and ballistic calculations of the deformation
required to cause failure.

Secondly, the approximately threefod stress concentration over the
area of contact between tho gritd and ;h. c;ordj-tu can, under suitable

/circunstances
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circumstances, cause grid peleLratiol due tc plastic flow of cordite. This

type of failure occurred 7,ih )} five-arm crucifotm charge, ,here the first

type of failure ,as lar(A y -pruvontcd ]uG to the support /-ivon by the metal

tube to the propellant. er "cail, ,'rir agrooint w!as obtained between

laboratory measur.mcnt-;.. a_n

Reasonably accurat e,'1ctjons eo!lA br mad, of temper-atre limito with

new compositions (. ,ot. in th.. 6-inchro 1 t,
based solcly on vented vessel we su ',men4  f burnoai rates and laboratory

measuremunts of Youn'gs o dus, hrdnoss (%tc. .I(-) ((3-il).

3. MODERN TEiDS L CdALA, E !)Fi_',_

3.1. Al:cost all c1esye dey rcc?ier: ].o charge dcosign,i ..Aiich climinate

the rapid streamini of hot, ,,; ov,:, ti, ietal tube, by usif, inhibited,
internal-conduit, Lro0p!la.ut char w. Tlep y 'rc ofton shortjr in 1roportion

to their diametcr tnan thc war:tie fiJ_n-: bi scd -ockuts, and arc mainly

used ior boosts or in aaclixation' r acleration is relatively low.

The ratio of gas conduit ero-cctioho o)rt ireA: is frequently higher thaU

in wartime rockets. Tbc str,, s to whIch thr, ;,ro]-ellant may be subjccted

are considered b(Lo-: frow to oiits (A' v1i2.- of mTnufacture, storage, rourgh-

usage and firing.

The principal c.ar-. c d:t.%d is tL_ star-centred inh-ibited

charge, with the annri,:' ,co b,twee( rge and s cket tube either

pressurised by the hot racer tanh re -u i.od ( in the knorican 'Deacon'
rocket) or filled w. th vi -,on u c.. n wead jolly or platic (as in the
7.5 inch boost motor). Th cugi-coudit ehar t may involve special problems.

Head-end support could , r fndotubr charge. So far as is

known no other chrxt' si{Lp. ': i]vi al c,:d L1djdchration

5.2. _,, anufactaro

3.2.1. Extrudod Solvo'tl .ori,; Corie

The range so being extended 1o 1,.>rgor and larjer diameters, but,

apart from the difficulty of usn larr,e presses, handling and inspecting

large charges, etc., there would oern to k, nio fresh mechanical problems.
The strain at the 11 rOUC-1l 1t xci Th e oxpanseion at the die is no more
(when expreosed as a frav-tion of thf- i rf the uxtruded charge) than

for small sisIss, althouh trIO Linear! x,,o_ o1 is larger. Hence the sti.pr-q

frozen into extruded c-r_o 'm jr(. 7riTh use of' compi kted
charge shapes may ive "-, e to o, :,ri inturnal stressing, osocially

if there arc lines ofi s ci:,Aration. Prom this point of view, the

use of a star-,so2tioil VIt1 very -ruXlo sh.-arp points has proved to be

unsatisfactory. In general, the _pidcr S7p;rting &y internal pins, etc.,

in the die should bc 5o mounte, that tlherc is a space allowing for

consolidation between it anu the arallel Lart of the die. If this is
omitted, planes ,f wcakness oL'tt(n'occtur, corresAing to the spider linos,

and the charc is n,ot trl; to '1ae. In order to minimiue the effoot of

lanos of woakness, it v. b ; desirable t( vent spider lines from

coinciding with minim iui in ok";s - -, i the charge.

The presence eli Int-rt.. .. coniuld be advantageous in certain

cases. For example, i m 'P ncr,,asu biO Turs_ting pressure of' a thick-
walled tube. It is dub.u4 , tUethr advrir[,o I could ever be taken of such

'iji effect, due tk the tcndL. ei thme . to relieve their stresses

on hot storage; in any caso, the ' oUf13. uion Jisadvantages of expansion at

the die and a tendency to roxeL t" a !ns; strssed ,hapc would nomally

/predominate.
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predominate. Exploitation of* Ihe t-chnique whereby the cordite dwells in
the die for some minutes should give a product almost free from internal
stresses, and of very good di,unsional reproducibility. This is being
tried by E.R.D.E.

3.2.2. Cast Double Base -iropallant

This may have internal strosse. on a micro-scale due to its method
of manufacture. Cylindrical !ranules arc surrounded by voids of irregular
shapes and N.C. concetration-gradients must be produced on casting. The
maturing will tend to diminish th(,se concentration gradients, mainly by
diffusion of' liquid, since it is so much more mbile than entangled N.C.
molecules, and the granules will well bodily to fill the entire space. In
other words, the original short cylinders will have boon distorted into very
irregular swollen shapcs. Unless either true solution or plastic flow
accounts completely for the change of shape, there will be residual elastic
stresses, The extent of this lack of equilibrium, taking the form of largo
residual concentration gradients p,lus elastic stresses in severe cases, and
negligible concentration gradients plus mild elastic stresses in the case of'

a good casting, will clearly depend on the nature of the components and the
completeness of curing.

There may, in addition, be larger-scale frozen stresses. For example,
a difference in rate of gelatinisation of inhibiting material and propellant
granules, combined with the rustraint of the corset, could give rise to 4
pseudo-equilibriUM in which the inhibiting laVcr is in tensile stress. On

the other hand, shrinkage during casting could give a reverse stress in the
inhibitor, axA could lead to rupture in the bond or in the propellant.

Summarising, the optimtm conditions hPve to be chosen for each cast
propellant system, and. the products chocked for serviceability, It will
be interesting, nevertheless, to try to correlate the cas3u of plastic flow
of swollen granules with tompurature and time of curing, to ss es:so the
extent to which practical prpullants fall short of true equilibrin, arid
to examine the effects of frozen stresos on molecular orientation, rupture
by gas evolution, elongation at breaking point, etc.

3.3. Storage

3.3.1. Normal Storage

Storage at temperatures bolow 80 0 F. has little maturing effect on
solventless propellants. Ch7uges, prcsumably in amol,)hous-crystalline N.C.
ratio, are slow. For exa ple, cordito after processing or reheating has an
abnormallg low Young's modulus, and it takes days around 80°F., or weeks
around 60 F., for the noimal vlue to be re-established. (14)

Very interestig delayed elastic ,trains and 'pseudo-plastic' deformations
occur under moderate storage strosses, for oxample, the sagging of a largo
stick of cordite supported horizontally at its ends. A few hours tiot storage
in the absence of stress tsually re'torc, the original shape, if it does not,
in fact, 'ulfreezo' some even earlier history of the specimen, prcviously
frozen into it as an internal stress at a higher temperature. All this can
be stated in terms of a lvlawvoll spring-and-dashpot model systei, with an
extr6moly large numbet of elements covering a range of relaxation times of
ma4 y million-fold, provided there is a. very large temperature coefficient
of each relaxation time and a non-Nev onian liquid in the dashpots. Thus
the displacement o' an element vhich corresponds virtually to a plastic
flow at low temperatures is only a delayed elastic flow at a higher
temperature. It is a matter of futurP work to''correlate the temperature
coefficients at one end of the spe6trxr of, rolaxati6n times"with those

/at the
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at the other, and to see the effect of changes in molecular weight of N.C.,
etc..

5.3.2. Cold Storagu

This also has no effect on cordite, but there is one unconfirmed
case where S.C. cordite bucam brittle after being kept for a winter at around
6-80C. Subsequent heating for one hour at 50OC. removed the off'ect. Several
thousand specimens were studied in an msuccessful effort to repeat this work15)

3.3.3. Hot Storage

On hot storage, there is a moderate increase in Young's modulus
during the first fortnight, after which it is constant for a long time until
chemical degradation suporvencs. Any stresses frozen in the charge tend to
become relaxed (16), and often a charge will bend or distort when heated,
especially if it was stressed during cooling after extrusion. There is a
need for more quantitative knowledge of such effects.

3.3.4. Temperature Cycling

Temperature cycling giving thermal gradients, can induce stresses
due to differential thermal expansion ad contraction. There is scope for
measurement of 'elongation at break' of various compositions, especially at
low temperatures, so that this (combined with a knowledge of thermal
expansion, specific heat, thermal conductivity, modules of rigidity and bulk
modulus at various tempor-tures) can be used to predict the maximum rate of
change of temperature to which a charge can be subjected without rupture.
This rate will presmably be much loss at low temperatures than at normal
temperatures, ard less on coo,ling than on huating.

Stresses due to diife runtial thnrmal expansion, as well as to plasticiser
interchange, are al.so likely to arise with inhibited charges. The coatings
employed have been chscen to have propu rties very similar to those of
propellants, but small differoncos are ifnevitable. Such differences have not
been fully studied.

There is a clear r(q,,oic nt for an inhibiting material which can deform
much more easily than th pro.pllant, trnd -without rupture or adhesive failure
throughout such temp 'rature , !ango . Such dcfor_ation could, in principle,
be either plastic or c tI. This will be considered in E.R.D.E. TechnLical
Notc No. 3/TN/51t (Li. prof Irto)

3.5.5. Rocket 1dotors

The foregoing is (ireotively conceond with the storage of
isolated colloidal propellant charges. In the case ;f made-up rockets, the
supports of the charge constraii it more or less rigidly in a symmetrical
position in the rocket tube, aud hence ipipc stresses on it. This constraint
is of two sorts, firstly, ruaction against tho -.eight of the charge, normally
neglgible, and secondly, oelf-stressin,. botweun charge and supports due, in
general, to differential thermal expansion, and operative only at high
temperatures. The extent of this self-stressing is a function of individual
charge dimensioning and design, but laboratory investigations will be
required to furnish the data required for calculating it, including
measurements of coetficionts of expansion t;f propellant and inhibitor,
moduli of rigidity and the degrees of strain at which rupture or 'cold flow'
occurs, all over a range of temperature around the upper temperature limit

-4- /of thewZR7= _
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of the rocket. At some temperature near the upper limit, the charge will

become a tight fit in the tube. At temperatures above this it will first

be strained elastically and then undergo plastic flow (so-called 'cold-flow'),
It may turn out to be possible to rely on a definite degree of elastic strain
before any irreversible cold flow or excessive strussos on the metal rocket
tube occur; if so, the motor will be corrospondingly more efficient. Such

a condition at high temperatures would give support against firing set-back
and might enable a 'softer' propellant to be used than was otherwise the
case, but it would entail L precision moulding of charge plus inhibition,
and close tube tolerances. It might be possible for the charge to be 'self-
moulding' by deliberately naking it a tight fit La the tube so that it
flowed, in any case, to soLe extent on its first heating, enabling wider
tolerances to be used.

3.4. Rough Usage

The trend in rocket taoe design is such that with highly-efficient
large motors the colloidal !ropellant charge is likely to be at least as

strong as the tube. A fall of a motor six foot on to concrete would

propably be equivalent to some twenty feet drop of the empty lightweight

tube, as regards stresses in the tube itself. There is everything to be
said for low modulus elastic supports of the propellant within the tube
for these supports to boar on as large an area of the propellant as
possible and for the propellant in the vicinity of such supports to be as
free as possible from rcgiDns of potential stress-concentration. Thoso

are really all matters for thc charge designer. The best the propellant
research and development groupz can do is to devise compositions as strong

as possible. Wartime work indicated little hope here (4) and the only
important long-term prospec- would be to include polymers other than N.C.
in the propellant. New plasticisers for N.C. will be kept under review but
no startling advance can be expected, either in improving impact strength

without impairing other propertics or in lowering the temperatures at which
propellants become very brittle.

3.5. Firinv

The principal sources of stross on firing are set-back and unbalanced
gas pressures, transient (due to ignition or secomdary peaks) or persistent

(due to absence of pressurisation around the charge). Exact stress analysis

is a functinn of indivOlim Qhomiun ay-,Zi nnot be attempted here.
General principles can, however, be considorcd for the various typos of
charge. So far as is knova, all colloidal propellants can withstand any

degree of uniform hydrostatic irossure (unless they contain fissures),
so that only Lubainneed stresses arc considered.

The forces due to inertia oi sot-back are equal to the mass supported

times the acceleration. Therefore these forces are at a maximum at the

points of support. Since the tendency of thermoplastics to fail (by

rupture or plastic flow) is roughly an exponential function of stress,
only these maximum strcsse need be considcrd. Clearly, the support

should be spread over as bLg an area of the surface as possible. The worst

oases will be head-end support of a central propellant stick charge and
'grid' support of a tubular <or cruciformi charge. Each involves a mean

stress equal to thu mass of the charge times its acceleration, divided by

the actual part of the area of the cruss-section upon which the support

is concentrated.

The mass is equal to density tii., length times average cross-se ction,

and the acc9Xtion is equal to the specific impulse divided by the time

of burning and to the raio of all-up weight to propellant weight.

4t4J X f /If the



If the support at the :.tart of burnin)z covers a constant proportion of
the cross-section, say about one third, as in the wartime 3-inch rocket, tho
actual diameter of motor does not dir ctly affect the c1argo-supporting
stress, which will clearly be hirhu'st at the start of' burning. In this event
a given motor can be scaled- ua linearly in all i;espects, provided the
acceleration is made inversely p)ro ortional to th(e length. This would be the
case for a given charge shape and prope1lant composition because the web
thickness (and hence the time of burniina ) is proportional to the length.

Howevcr, the general trend of guided misoilo development requires a
uniform acceleration during the boost period as largo a- the control
mechanism (electronic equipment, etc.) can stand, so as to minimise the time
required for the missile to reach the targ,et. Thu tendency with larger boost
motors is, therofore, to ue Laster-burning propellants, and, if necessary,
multi-conduit charge designs to minimise web thickness. The acceleration is
likely to be up to 50 g at the upper temperature limit. For this constant
acceleration, the stress acting on the propellant will be proportional to the
length of the motor, both for boost and sust,iner motors.

There is, howevcr,- a stress-concentration at the edges of the support.
In the case of a grid, wa_ratime viork provd that 'grid indentation' was
minimised by rounding-off' its edges. in certain other trials, an increase in
grid support area aj_pcared to be counteracted due to the edges of the grid
coming near to the boundary of the charge, where lack of lateral support
caused the propellant to fail. It is suggested that rocket designers use
photoelastic models or other methods of non-destructive testing to indicate
stress-concentration, so as to develop the best designs of supourt to the
charge.

Unbalanced traisient gas p res sures nave ofton beun cited as a cause of
failure of rockets, and met by drilling tubular charges, using Boys' rods,
and carefully choosing the di-opcsition of ignition charges. There is venj
scanty information about the behaviour of colloidal propellants uder rapidly

imposed stresses of' this sort. Even in the case of sustained pressure
differences (as in thc Amorican 'Deacon' rocket), data for 'elongation at
break' of samples broken in t:cs of two seconds and less aru practically non-
existent in this country.

The ulongations imposeud ii a charge which is not supported externally
can be considerable. Assuini that th. propellant is incompressible, a one
per cent. increase in d bernal diaeter is equivalent to an average elongation
at the surface of the conduit of four pe-r cent. if the cross-section of the
actual propellant is 75 per cont. of the grosp cross-section of the charge,
or six per cent. for a 'loading density' of 83 por cent. The elongation at
the points of the stars might well be twro or thr, times this average figure.
It is therefore necessary that th. propellant :should be capable of an
elongation at break of some tun to twenty times the change in diameter.

Smilarly, if the charge is supported by the rocket tube, and the latter
stretches by a half per cent. on firin,, parts of the propollant may be
stretched five pjr cent. or more.

4. PROPOSALS OR FURTEE WOK

4.1. Factors Related to Aotor Desigi

The data quoted for the wrtime 3-inch rocket wore only obtained after
extensive calculations and firig trials. Similar figures are not yet
available for many newer motor designs, nor can th, forogoing general

/cuns iduurations
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considerations be crystallised without them. For example the calculation of

the stress on the propellant charge due to gas pressure differences at the

ends, requires a knowledge of vcnturi and gas-conduit sizes, the rate of

burning and erosive burning characteristics of the propellant (particularly

at the upper temperature limit of usage) and the stress-concentration of the

support. In the case of at lcast one urgently required boost motor, large-

scale manufacture of the new propellant composition is not started, and

measurements of itL rustriction ratio have rot yet hoon made. In order to

expedite the work required to solve such difficulties, propellant and

ballistics working parties have recently boon set up between C.S./.E.R.D.E.

and C.S./R.A.E./R.P.D. for study of guidod weapons, and also with C.E.A.D.

for unguided rockets. It has been agreed that E.R.D.E. will study the stress-

concentration in models of sections 6f propellant charges, by a photoelastic

technique.

4.2. The 1viechanical Propecrtios of Prb-pll ants

4.2.1. The wartime work shewed that routine measurements of Young's

modulus, tensile strength, impact strength and hardness were very valuable.

These measurements, usually made at two or three temperatures on all important

new compositions, were restart,d in 1949. 1- is the main purpose of this note

to review what forthcr -ork on propellant rhiology should be undertaken,

consistent with thc limited resources availa*le.

4.2 .2 . Manufacture

There is a, general requirement for easy manufacture, coupled with a

product as 'hard' as possible. This was roaLised some years ago, and a rolling

mill has now boon completed which measures tae pressure betrcen the rolls and

the driving torque as a function of tomeeraWure, speed of rotation and

reduction in thickness. By thcse i,,oan it ;hould be possible to give the

.factories valuable design data, and al-o to select more precisely the bpst

compositions for use. A tensomctcr witi ->.trusion cylinder attachment (13) is

awaited, and a modified Scott-Pitfer ,)c toneter has boon made. It is hoped

with these instrments to obtain o corrolation between absolute measurements

of plasticity at various rto,,, of shci; a., processing stresses. Plant

experiments with d-Es of vsi 8ns, etc., are also in hand, but previous

experience has shoim the results of such vork to bo disappointing, due to the

difficulty of tomprature control cAc. ao, y (16) investigated during the

war, the plastic flow of cordite but furThcr work, particularly on compositiois

harder than S.C cordite, is required arA- it is proposed that the main research

effort be put on this work during the aeit year.

The homogeneity of cast double base charges is studied by etching, by

infe 'enco from the results of measurements on samples large in comparison with

the original granules of casting powder, and by interrupted burning.

Other proposals have been to use a 3chlioren technique to explore

variations in refractive index, to develop a partial solution method of

chemical analysis or to make use of a minro-hardngss. tester (as used on

jewels bnd microscopic pieces of ineta1), but it is proposed to defer such

work.

4.2.3. Storage etc.

The measurements required to ,larify certain storage problems

discussed in this note are mainly in the field of. 'cold flow', #nd associated

delayed-elastic effects. A simple appcrqtus for compressing small pellets

of propellant is- now available, and a Loro olaborato .gachine is being made.

-7- /It i
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It is planned to starLL tis work verY soon.1

The rupture of propeliants- due to tl-ennal gradient,- is not consi de0red
to be an urgent problei,, and meiasurements- ofr elongation at brteak at low
temperaturus with LLslo- Tht r otu loudinZ will bu def(lrrud.

4.2.4. Usg

Most problem.,s aru covcre.A by oxisting; routd-ae tests3, but work Lising

rapid rates of loadinL- IS :& 1_ .Ll'd. FortunatUly, Urgunt probIGIS IVOlVing
these proj.-ertios arc porha _'s_ bost studied by diroct tcsts on sections of"
rocket chargcs. It is proposud, howcve,r, to obtain equipment for mcrtL;uring

Young's modulus Jby the( vibrating, Strip meithod, and to design apparatus for

mecasuring hardfiess, tunsile s3trong,:th and clongation at break for rapid la-

ing. This work will follow th.(at on plasticity.

4. 2. 5. Smuiarising, th(. followingE mo,iasuroimunts 0on colloidtil
propellants are desirable (in oi,d,-: of urgoncy):

(i) Routine -tests of Young's modulus, tensile strength, impact
strength and 'hardnes5s' on atll importanmt new compositions,
at three tomporv.tUrus, as alrea,dy carriod out;

(ii) 21lastic flow at high stresses, Simulating manufacturing,
processes, and at lower srss,sir.-ulating stora.ge under

adverse c,nditions. Furthejr investigation of dolaged ulastic
defonuiation Lu--duf Similar conditions. in genural this w)-,o rk
would be conf1ned to temperatures botwoon 4 0 0. and 80 0

(iii) Stud-y of pho tool aotic moduls, for analysis of stress IistriblltiL 1
under complicad:,. 1 loading coiVlitLons;

(iv) Tonsile tests under railappliuod loads, witha accura-te
mcasuremtents of elAongation at hruaL (,at all tcmp.ranture7_s);

(v) Tensile tes,7ts at lo-v' tumocjr re withl a.ccura-,t,-, e,asurfrmewnts
of elongm-tion at broo-k (u in lowly applied stresses );

(vi) Investigat-ion of ros,,idual intt.rnal stru-scous and inhoiuot,,njiticos
po,_rticularly in cas,t double-base, opropellants, aiid their ef fec u

on failure by intial ga., (1voluti.,n etc.

The above work should firot of ,,ll be carried out oil eXistinig survice

and experiraental. propulha,its, but exten'sion to cover compositions
containing N.C. of low viscosity, 'nion-cracking' compositions, etc., would
ha-fe to follow.

Standard inhibitinig mater iials should be included.

/Bibliography
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